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Abstract 
The self-assembly of block copolymers (BCPs) is a promising strategy for the creation 
of nanoscale structures for use in a wide range of applications. In particular, as 
conventional photolithographic methods of fabricating nanoelectronics approach their 
physical limitations, BCPs offer a route to continue scaling down feature size. This 
thesis investigated the ability of BCPs in thin film to form well-ordered patterns in the 
nanometre range using a series of polystyrene-block-poly(ethylene oxide) (PS-b-PEO), 
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and polystyrene-block-
poly(2-vinylpyridine) (PS-b-P2VP) for lithographic applications. A novel application 
for the analysis of BCP patterns is detailed, as a tool for the further optimisation of 
microphase separation techniques. 
Chapter 1 introduces the driving motivation for the research carried out in this PhD. The 
nanoelectronics industry is facing a significant challenge in future development, and 
outlined are the properties which have led to BCPs emerging as a major competitor to 
next-generation lithography. The fundamental characteristics of block copolymer self-
assembly are explained and techniques for improving long range order are discussed. 
Chapter 2 focuses on the microphase separation within PS-b-PEO. The kinetics of the 
pattern evolution are investigated, and details a cyclical-flipping phenomenon observed 
in the pattern orientation. Using solvent annealing, patterns exhibiting excellent long-
range order are achieved using directing effects imposed through the confinement of the 
film within topographical channels.  Variation of anneal time and solvent atmosphere 
provides a means to control the cylinder orientation. 
 iv 
The microphase separation of lamellar PS-b-PEO is discussed in Chapter 3. Perpendicular 
orientation was obtained through a combined thermal-solvent annealing process, without 
the requirement of a neutral brush layer or additional surface modification. Wet (acid) and 
dry (plasma) etch methods were explored and pattern transfer into the underlying silicon 
substrate with the creation of sub-20 nm nanowires was observed. 
An application developed for the analysis of BCP patterns imaged via scanning electron 
microscope (SEM) and atomic force microscope (AFM) is described in Chapter 4. It is 
shown that it can determine key metrics for BCP pattern optimisation including the degree 
of non-uniformity, the order, the defect density and the line roughness, including an 
estimate of line edge roughness (LER). PS-b-PMMA patterns are used as a demonstration 
of the analysis tool. 
Chapter 5 details the use of a large molecular weight BCP, PS-b-P2VP in the creation of 
well-ordered silicon nanopillars (SiNPs) in the 100 nm range for use in optical 
applications. Detailed metrology and 3D visualisation was performed on the perforated 
lamellar structure of the BCP. Reflectivity of the functionalised surfaces is discussed. 
Chapter 6 provides a general overview of the conclusion of each chapter and an outlook 
to the future of the field. 
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1.1 Microelectronics and Miniaturisation 
The history of integrated circuit technology can be traced back all the way to Bell Labs 
in 1940. Russell Ohl, while investigating high-frequency amplifiers for use in radar, 
produced a crystal photocell, whose conductance varied far more than anything seen 
previously. With the aid of Joseph Becker and Walter Brattain, it was shown that there 
was a crack in the crystal, and that either side had a slightly different chemical 
composition. What they had discovered was a solid state diode, and the crack was a 
junction. This led to the concept on semiconductors [1]. Later, William Shockley 
began research on a “triode”-like semiconductor device with Walter Brattain and John 
Bardeen. On the 23rd of December, 1947, often deemed the birthplace of the transistor, 
using a piece of gold foil glued to a plastic wedge and pressed down onto the surface 
of a germanium crystal, they demonstrated the first transistor, known as the “PNP 
Point-Contact Germanium Transistor”, for which they won the Nobel Prize in Physics 
in 1956. These discoveries eventually led to the development of the field-effect 
transistor, the foundation of all modern-day computing and the semiconductor 
industry [2]. 
This was achieved through the development of integrated circuits in 1958, credited to 
Robert Noyce and Jack Kirby, for which Kirby won a Noble Prize in 2000. These 
consisted of large numbers of devices, transistors and other key components, 
interconnected on a single substrate. The possible applications of integrated circuits 
sparked a huge increase in research and development [3]. Since then a competition to 
perpetually improve performance has existed in the industry, primarily through 
reducing device size and increasing  density. This “race to the bottom” was epitomized 
by Intel co-founder Gordon Moore’s paper in 1965, where he predicted that the 
number of transisters on an integrated circuit would double about every 18 months [4]. 
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This prediction has become known as “Moore’s Law” and a self-fulfilling prophecy 
for the microelectronics industry for over 50 years [5], as depicted in Figure 1.1. 
 
Figure 1.1: Graphical representation of Moore’s Law, showing the exponential 
increase in the number of transistors per microchip and the decrease in feature size. 
Adapted from data collected [6]. 
The impressive advances in miniaturization have been heavily dependent on 
continuous developments in photolithography [7]. In this process, a photosensitive 
polymer film, or photoresist, is applied to a silicon surface. It is then exposed to 
ultraviolet (UV) light, projected through a photomask. This produces a chemical 
change in the photoresist, affecting the solubility of the material in a pattern emulating 
the photomask. This pattern is then exposed by immersing the film in developer, 
removing the soluble material and leaving a “mask” of insoluble polymer, Figure 1.2. 
This mask can then be etched, transferring the pattern into the underlying substrate. 
Through repeated material deposition steps, the complex architecture required for 
integrated circuits can be produced [8]. This method has allowed the progress from 
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the Intel 4004 microchip in 1971, with 2300 transistors and a feature size of 10 µm, to 
Samsung and Intel preparing for production of microchips with 10 nm features [9]. 
Figure 1.2: Schematic representation of photolithography process. Light is used to 
transfer the pattern from a mask to a photoresist. This pattern is then etched into the 
substrate and the resist stripped (reprint Nealey et al [10]). 
Photolithography’s ability to produce many chips on a single silicon wafer 
simultaneously makes it an efficient and cost effective process. However, in order to 
compete in the market and keep consistent with Moore’s law, the semiconductor 
industry has had to focus huge resources on improving their lithography processes. 
Initially, improvements were achieved by adjusting light sources, starting at 436 nm 
and now utilising 193 nm sources. Techniques such as immersion lithography and 
multi-patterning have been employed to push the limits of current processing methods 
to the 22 nm and 16/14 nm feature size [11]–[13]. However, it is fast approaching the 
resolution limitations that can be achieved, with the technical challenges involved in 
lowering the light source wavelength, 157 nm, proving prohibitive [7], [14]. In 
addition, as size decreases, resolution, throughput and line edge roughness (LER) 
become major roadblocks, as their effect on device performance increases along with 
costs [15]–[17]. 
Introduction 
5 
To continue development of integrated circuits and achieve <10 nm feature size, a new 
generation of lithographic techniques are being investigated. Among those under 
consideration are top-down methods including extreme ultraviolet lithography, 
electron-beam lithography, and nanoimprint lithography [18]. 
Extreme ultraviolet (EUV) lithography has received significant industry interest as it 
follows the progression in photolithography. By using 13.5 nm light, it is capable of 
extending optical lithography to the sub-10 nm range [19]. However, continuing issues 
with source output, pattern roughness and the high cost of integration have thus far 
prevented its introduction [20], [21]. 
Electron-beam lithography offers an alternative to optical lithography. By using a 
focused beam of charged energetic particles, it achieves a resolution down to 1-2 nm 
without the need for a photomask. Its primary drawback is the requirement to write 
the pattern, focusing the beam on individual features in a serial process. This greatly 
increases production time compared to the exposure process for optical lithography 
[22], [23]. 
Nanoimprint lithography creates patterns by mechanically deforming a resist layer 
using a master mask. This is a low-cost, high-output method, able to reach the sub-20 
nm range. However, it is prone to defects from particulates, which can damage the 
mask and impede output, requiring extensive control procedures [24], [25]. 
Going forward, it is generally accepted that alternatives to purely “top-down” 
fabrication methods must be employed. The microelectronics industry has already 
invested heavily in “bottom-up” techniques. It is predicted that these methods can 
overcome the limitations of traditional photolithography while keeping integration 
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costs to a minimum. One potential technique that has shown great promise is self-
assembly of block copolymers [26], [27]. 
1.2 Self-Assembly 
Self-assembly describes the spontaneous organisation of a system of pre-existing, 
nanoscale units into stable, well-defined structures [28]. This process has been the 
focus of a considerable amount of research in recent years, as it describes many 
biological systems, such as the folding of tRNAs and the formation of DNA. Self-
assembly is one of the few practical strategies for the formation of ordered 
nanostructures. It is also hoped to bridge the gap between photolithography and further 
reductions in feature size [12]. 
Whitesides et al have identified two types of self-assembly. Static self-assembly 
describes systems that, at equilibrium, do not release energy, and for the formation of 
an ordered structure may require energy input. Dynamic self-assembly occurs where 
structures or patterns only occur as the system is in flux and dissipating energy [29].  
Molecular self-assembly does not involve any chemical reactions, but instead uses 
weak, non-covalent, intermolecular forces to arrange the components, i.e. van der 
Waals, electrostatic, hydrophobic interactions, hydrogen and coordination bonds. The 
process is driven by the system attempting to attain its minimum free energy through 
minimising repulsive forces and maximising attractive forces that are experienced. 
The thermodynamics of self-assembly are expressed in the Gibbs free energy equation 
(Equation 1.1): 
∆Gsa = ∆Hsa - T∆Ssa    (1.1) 
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In order for the process to be spontaneous, the change in free energy must be negative. 
∆Hsa is representative of the intermolecular forces between the assembling units. ∆Ssa 
represents the degree of disorder in the system, and decreases as it becomes more 
ordered. As the entropy is predominately negative as order increases, the process must 
be enthalpy driven. In addition to this, it can be seen that the process is temperature 
dependent, and above a specific temperature, self-assembly does not occur. This is 
known as the order-disorder temperature [28]–[30] 
Directed, or template, self-assembly (DSA) is an extension of the self-assembly 
process. It describes a system where external factors such as physical templates affect 
the self-assembly in a desirable manner. This can include chemical or topographical 
templates, as well as electrical, thermal and surface fields. Directed self-assembled 
materials are being considered for integration into nanoelectronic patterning 
applications, as a potential replacement for conventional photoresists in order to 
achieve molecular-level control on feature size and reduce line edge roughness [10], 
[31]. Such materials include nanowires and nanotubes, graphene and functionalized 
biomaterials. The most likely candidates are block copolymers [16], [32]. 
1.3 Block Copolymers 
Block copolymers (BCP) consist of two or more chemically incompatible and 
dissimilar polymeric chains known as blocks, which are covalently bonded to one 
another. Block copolymers can exist as diblock, triblock and multiblock systems, and 
can be incorporated into complex architectures, as illustrated in Figure 1.3. 
Interest in the unusual properties of block copolymers began shortly after they were 
first reported in 1952. In the subsequent years, a great deal of work has been done in 
attempting to understand their behaviour and morphologies [16]. 
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Figure 1.3: Examples of block copolymer architectures including linear di-, tri- and 
multiblock copolymers, heteroarm stars, Y structures as well as linear and miktoarm 
star terpolymers (reprint Ruzette and Leibler [33]). 
There are many proposed applications for block copolymers, primarily as nano-
lithographical masks, but also as templates for forming fuel cells, batteries, and 
optoelectronic devices, owing to their ability to form regular repeating structures over 
large areas and tuneable feature size in the 5-50 nm range. The tailoring of individual 
block chemistry also adds to their versatility. However, one of the main challenges in 
employing block copolymers is lack of long range order, or imperfections in the 
orientation. Overcoming these difficulties has been the focus of much research [11], 
[26], [34]. 
1.3.1 Microphase Separation 
In polymer blends, consisting of a binary homopolymer mixture, repulsion between 
the immiscible A and B blocks will lead to macrophase separation at equilibrium. This 
is due to thermodynamic incompatibility between the two blocks, which separate in 
order to minimise the contact area between them. However, in the case of block 
copolymers, there exists a covalent bond holding A and B together, preventing 
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macrophase separation. This constraint leads to the formation of microscopic 
heterogeneities in the composition on the length scale of the individual polymer 
molecules, and generates an interface between the A and B blocks. It is this micro 
separation that makes block copolymers so appealing as they can form well-ordered 
repeating domains, as can be seen in Figure 1.4 [11], [35], [36]. 
Figure 1.4: Illustration of microphase separation of a diblock copolymer system 
following casting from solution to form a thin film on a substrate. 
Within thin films, the structures that form in the block copolymer melt are a result of 
two competing factors: interfacial energy between the two blocks, which is an 
enthalpic energy, and polymer chain stretching, which is entropic in nature [37]. In 
segregation, the equilibrium nanodomain structure acts to minimize unfavourable 
mixing without overstretching the blocks, i.e. balance the enthalpic and entropic 
energies. In order to phase separate, sufficient mobility must be given to the polymer 
chains to allow mass transfer. This is typically achieved by thermally annealing the 
system to above the glass transition temperature. Heating to above the order-disorder 
temperature causes the system to become disordered, as the entrophy forces are 
temperature dependant [38]. Alternatively, solvent annealing has been explored as a 
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method in achieving phase separation, where the system is placed in a solvent 
atmosphere below the glass transition temperature. This has been attributed to solvent 
swelling of the polymer film, thereby lowering the glass transition temperature [39]–
[41] as well as preferential interaction between the solvent and one of the blocks [42]. 
1.3.2 Phase Behaviour 
The phase behaviour of bulk block copolymers is controlled via three parameters: the 
block volume fraction (ƒ), the degree of polymerization (N), and the A-B Flory-
Huggins interaction parameter (χ). These dictate the morphologies that are formed, 
which for block copolymers are typically cubic, cylindrical, lamellar or bicontinuous 
gyroid. The Flory-Huggins equation (Equation 1.2) describes the free energy of 
mixing two polymers [28], [34], [35], [43]: 
∆Gmix/kbT = (1/NA)ln(fA) + (1/NB)ln(fB) + fA fB χ          (1.2) 
The degree of polymerization is a measure of the total number of monomer units in 
the polymer chain and is proportional to the configurational entropy, as well as 
determining the size of the microdomains [44]. 
N = NA + NB                                              (1.3) 
The composition of the block copolymer is described by the volume fraction (ƒ), such 
that the fraction of each block is described by:  
fA = NA / N                         (1.4) 
fB = NB / N                         (1.5) 
χ is related to the unfavourable A-B monomer interactions and is a function of both 
the chemistry of the monomers and temperature, such that: 
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χ = a/T + b                         (1.6) 
where a and b are constants determined experimentally for a specific polymer blend. 
Experimentally, χ can be controlled via temperature [34], [35]. Equation 1.2 can 
rewritten in terms of Hildebrand solubility parameters (δ), which measure the 
tendency for one material to dissolve in another via intermolecular forces, specifically 
dispersion, hydrogen bonding and polar forces [28], [45], [46]. 
χAB = (Vr/RT)(δA – δB)2                       (1.7) 
Vr is an arbitrary reference volume, normally taken as the molar free volume [47]. 
Therefore, as χAB describes the segregation between individual monomers, the total 
strength of segregation experienced by the two blocks is proportional to χABN. A 
combination of f and χABN determines the morphology that the block copolymer melt 
forms. The minority block will adopt different domain structures in order to minimise 
the free energy of the system. For example in a PS-b-PI system, ƒPS < 0.17 generates 
a cubic structure, while 0.17 < ƒPS < 0.28 shifts to hexagonal. A bicontinuous gyroid 
structure exists from 0.28 < ƒPS< 0.34. And lamellar is present from ƒPS = 0.34 to 0.62. 
Further increases produce inverted phases, i.e. PI is the minor block [35]. These phase 
transition changes with block copolymer ratio can be expressed as a phase diagram, 
as shown in Figure 1.5. 
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Figure 1.5: Phase diagram showing varying morphologies formed by block 
copolymer self-assembly(reprint Castelleto and Hamley [44]) 
Whilst developing a theoretical understanding of block copolymer melts and 
morphologies, many theories have been employed, but are limited to certain areas of 
the phase diagram, such as weak segregation limit and strong segregation limit. To tie 
these together, self-consistent mean field (SCMF) theory has been proposed, which 
has shown good agreement with experimental results [43], [48]. It predicted, that for 
a system with f = 0.5, χABN < 10.49 entropic forces are dominant and the block 
copolymer exists in a homogenous state. At χABN ≈ 10.49, there is a balance between 
entropy and enthalpy such that weak segregation may occur. This phase transition is 
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known as the order-disorder transition (ODT). When χABN > 10.49, enthalpic factors 
dominate, allowing for strong segregation of the blocks [35], [49]. This has been 
illustrated in Figure 1.6. 
 
Figure 1.6: Evolution of structure with increasing χABN for a symmetric diblock 
copolymer [35]. 
It should be noted that transitions into order-disorder (ODT) region by having χABN < 
10.49 or by exceeding the order-disorder transition temperature (TODT) are reversible 
for block copolymer systems [48].  
1.3.3 Thin Films 
The properties of sub-micron thick films differ greatly from those in the bulk. In thin 
films of block copolymers,  properties such as the glass transition temperature, the 
chain diffusion coefficients and viscosity change with decreasing thickness [50]. 
Additional factors have an impact on the phase separation and morphology of the 
block copolymer. These include atmosphere-polymer interface and polymer-substrate 
interface interactions, as well as interplay between the copolymer’s natural repeat 
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spacing, L0 and the film thickness. As a result, the morphologies formed in thin films 
are more complex than in the bulk. There has been considerable research in the last 
decade into understanding and exploiting these factors due to their increasing effect 
as film thickness decreases [51]. The additional interfaces cause the film components 
to reconstruct to achieve the lowest energy state. In practice, this causes the block with 
the lowest interfacial energy to accumulate at the substrate-polymer surface, and the 
polymer with the lowest surface tension (γ) to preferentially form at the atmosphere-
polymer, or free, surface [52]. Furthermore, as the thin film confines the block 
copolymer, if the film thickness is a non-integer multiple of L0 then unfavourable 
morphologies of topographical features may form [50].  
1.3.3.1 Interfacial Constraints 
One of the major causes of interest in block copolymer thin films is their ability to 
form highly orientated microdomains. The orientation of domains can be directly 
controlled by manipulating the substrate-polymer and polymer-atmosphere interfaces 
as to induce preferential energetic constraints.  
Substrate effects on the film can be controlled by changing the substrate material, or 
alternatively modifying the surface chemistry in various manners. In addition, 
controlling the “wetting” properties of the polymer with respect to the substrate allow 
for greater coverage of the polymer. This property is often quantified by contact-angle 
measurements, which measure the degree of hydrophobicity as a function of angle 
[53]. For example, on bare silicon, lamellar forming PS-b-PMMA will orientate 
parallel to the substrate, as PMMA preferentially wets silicon [54]. Russell et al 
showed that using a gold layer on the silicon altered the chemistry such that the PS 
preferentially wetted the substrate [55]. Other substrate materials include titanium, 
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copper, germanium, silicon nitride and sapphire. Surface modification approaches 
include the use of polymer brush layers or self-assembled monolayers. Polymer brush 
layers are typically random copolymers, made up with the same monomers as the 
block copolymer but in a random order, to form a monolayer which acts as a neutral 
interface to the block copolymer. They can be end or side grafted to the substrate. One 
such random copolymer, polystyrene-random-poly(methylmethacrylate) (PS-r-
PMMA), has been extensively investigated as a brush for the PS-b-PMMA system 
[56]–[58]. Grafted homopolymers can also be used, typically to improve wetting by 
the block copolymer to improve surface coverage [59]–[61]. However, it has also been 
shown that in some cases, the wetting properties of homopolymer brushes, such as 
polydimethylsiloxane, can be manipulated through UV-ozone treatment[62]. Self-
assembled monolayers (SAMs) based surface modifications involve using small 
molecules such as thiol-terminated molecules [54], [63] and chlorosilane molecules 
[61], [64]–[66]. 
1.3.3.2 Film Thickness 
In addition to the interfacial interactions, there is the further constraint imposed by the 
commensurability between the film thickness (t) and copolymers’ characteristic length 
scale (L0).  The impact of film thickness is illustrated in Figure 1.7. 
Morphologies which develop through the surface and the substrate boundary 
conditions demand that the most energetically compatible block be expressed at each 
surface.  When different components of the block copolymer are present at each 
interface the film is said to be asymmetric, alternatively, block copolymer films that 
exhibit the same block at each surface are termed symmetric. 
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Symmetric films exhibit a similar series of stable smooth states when the film 
thickness is an integer multiple of the characteristic length scale. If the local film 
thickness deviates from the appropriate criteria by a sufficient amount (i.e. if t and L0 
are incommensurate) topographical features (typically islands or holes) of height 
equivalent to L0 appear at the surface.  If the film is sufficiently thick these topographic 
features are not observed as the incommensurability between t and L0 can be 
distributed over many layers of the film.  On the other hand, if the film is sufficiently 
thin it can dewet or rupture forming a variety of spinodal patterns [67]. 
 
Figure 1.7: (a,b) Tapping mode AFM images of a PS-PB-PS triblock copolymer 
following  solvent annealing. Structures as separated by white lines corresponding to 
areas of differing thickness. (c) Height profile. (d) Modelled structure of a triblock. 
C⊥ and C|| denote cylinders perpendicular or parallel respectively to the substrate, and 
PL denotes perforated lamellae (reprint Knoll et al [68]).  
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1.4 Directed self-assembly 
While localised ordering of block copolymers can be readily achieved, to be 
successfully utilised in various applications, the ability to control the long range 
orientation of their microphase separation is required. DSA are methods of aligning 
block copolymers to improving the pattern quality and attain long-range ordered 
nanopatterns by application of external forces on them. There are two predominant 
categories of DSA; physical pattern alignment, known as graphoepitaxy, and chemical 
pattern alignment, known as chemoepitaxy [69].  Both methods require a combination 
of a top-down fabrication of guiding patterns followed by a bottom-up self-assembly 
of the block copolymer, as illustrated in Figure 1.8. 
1.4.1 Graphoepitaxy 
Graphoepitaxy is a technique where physical features such as trenches are utilised to 
provide topographical confinement and direct the self-assembly to induce order in the 
pattern. These topographical patterns are fabricated by lithography, with the pattern 
being etched directly into the substrate [70], or alternatively into e-beam resist 
materials, such as HSQ [71] and POSS [72]. Initially shown by Segalman et al [73], 
graphoepitaxy has seen huge interest as a method of achieving well-ordered, low 
defect patterns due to the relative ease in which topographic patterns can be fabricated 
by conventional lithographic methods. However to achieve this, it is necessary to 
control both substrate surface and side wall surface affinities independently [74], [75]. 
The issue with this method is the loss of utilisable surface area, thereby reducing the 
total number of elements that can be fabricated [27]. Ross et al have done extensive 
work on the use of PS-b-PDMS using graphoepitaxy [60], [76], which due to its high 
χ, could extend the minimum feature size to <10 nm. 
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Figure 1.8: Schematic process for (a) chemoepitaxy: (i) bare silicon substrate, (ii) 
coating with a chemical surface layer, (iii) creating a chemical pattern by exposure to 
ultraviolet light through a mask and a chemical develop, and (iv,v) self-assembly of a 
BCP film onto the chemical pattern. (b) Graphoepitaxy (i) bare silicon substrate, (ii) 
lithographic patterning of topographic surface pattern and (iii,iv) self-assembly of a 
block copolymer film onto the topographic pattern (reprint Black [77]). 
1.4.2 Chemoepitaxy 
An alternative method to control the ordering of block copolymer patterns is 
chemoepitaxy. Chemoepitaxy, or templating, describes a chemically patterned surface 
where the patterns are similar to the domain size (L0) of the block copolymer. It 
typically comprises of an interfacial layer, such as a brush layer, that is patterned via 
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lithography to induce affinity with a particular block of the block copolymer [78]. This 
method has become the most actively researched method of creating lithographic 
quality masks from block copolymer patterns, and hugely influenced by Nealey and 
co-workers. This method has been under development by Nealey et al since 2003 [10], 
[79]–[81] and has resulted in the LiNe (Liu-Nealey) flow at IMEC [82], [83], a process 
flow in development for integrated circuit manufacturing and is approaching the 
defectivity levels required for integration. 
1.5 Applications of Block Copolymer Nanostructures 
Block copolymers are capable of creating controllable, highly ordered nanoscale 
structures. Investigations into the use of these nanopatterns as templates for the 
fabrication of nanodevices, as etch masks, and the controlled placement of 
nanoparticles are on-going. The differing chemistry of the component blocks can be 
utilized to order nanoparticles and act as a scaffold following self-assembly [37], or 
act as nanoporous templates following selective removal of one of the blocks [84].  
One of the areas where block copolymers have gained great interest is in the 
fabrication of nanoelectronics at length scales inaccessible  to optical lithography (<14 
nm) [13]. The use of directed self-assembly can produce ordered patterns at a substrate 
surface. Due to the difference in chemical composition of the blocks, it is possible to 
selectively remove one block via etching. Chemical or “wet” etching uses a solvent or 
acid that is selective to one of the blocks [85]. Plasma or “dry” etching makes use of 
the differing chemical structures of the blocks, preferentially eating away one block 
over the other using mixtures of ionised gases [86]. The resulting pattern can then be 
transferred to the substrate via two methods. 
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In the first method, the remaining block acts as a sacrificial etch resist, allowing for 
direct transfer of the pattern to the substrate [86]. This approach allows for easy 
substrate processing, however, it suffers from poor etch selectivity during transfer 
[87]. An alternative is to use the space vacated by the selective etch as a template for 
the deposition of hard mask material, such as iron or aluminium oxide [88], [89]. This 
greatly increases the etch contrast, but require additional steps in processing. 
These masks allow for the pattern to be transferred to a device layer using plasma 
etching. Plasma etching utilises a partially ionised gas which is energised using an 
external magnetic field. They are categorised as reactive ion etching (RIE), which use 
capacitive coupling plasma, and inductive coupled plasma (ICP), which uses induction 
to generate the plasma. The ICP technique is capable of much higher plasma densities, 
and therefore etch rates [90], [91].  
Block copolymers can also be used as nanoporous templates. This can be achieved by 
the selective removal of one of the blocks, followed by backfilling with the desired 
material. The remaining block can then be removed, leaving discrete, ordered patterns 
of material. This method has several applications, such as seed templates for nanowire 
growth [92], the creation of storage media [93], and the fabrication of functional 
surfaces [94]. Templating can be achieved by an alternate route, through the 
incorporation of metal salts or nanoparticles directly into the BCP film. In this way, 
the pattern acts as a scaffold to guide the alignment of the material [95]. 
Additionally, as more functionalised block copolymer systems are synthesised, more 
applications become available. The development of conductive BCP systems, for 
example, has allowed for their incorporation into organic photovoltaic (OPV) devices 
[96], [97].  
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1.6 Thesis Overview 
As described here, block copolymers provide potential methods for fabricating 
nanoscale structures using ‘bottom-up’ self-assembly. This thesis will focus on the use 
of three block copolymer systems, namely PS-b-PEO, PS-b-PMMA, and PS-b-P2VP.  
In Chapter 2, solvent annealing induced evolution of a cylinder PS-b-PEO block 
copolymer self-assembled pattern is discussed. Flipping of the orientation is observed 
and control over the alignment is demonstrated. Timothy William Collins performed 
the block copolymer experiments and AFM. Parvaneh Mokarian-Tabari performed the 
in-situ light scattering, ellipsometry, sample etching, and coordinated the research. 
SEM and TEM was performed by the staff of AML (Advanced Microscopy 
Laboratory) in CRANN. Intel provided the patterned substrates. 
A novel step-wise, thermal-solvent annealing process is demonstrated in Chapter 3. 
Its ability to induce perpendicular orientation within a lamellar PS-b-PEO block 
copolymer without the use of a neutral layer is shown. Pattern transfer and scalability 
of this system is discussed. Timothy William Collins and Parvaneh Mokarian-Tabari 
performed the block copolymer experiments. Timothy William Collins performed the 
AFM. Parvaneh Mokarian-Tabari performed the sample etching, and coordinated the 
research. SEM and TEM was performed by the staff of AML, CRANN and at Intel. 
Chapter 4 focuses on the development of an application for the quantitative analysis 
of self-assembled block copolymer patterns. The method is demonstrated through the 
optimisation of processing conditions of PS-b-PMMA cylinder and lamellar block 
copolymers. Timothy William Collins performed the block copolymer experiments, 
and developed the application for pattern analysis. Barbara Kosmala performed the 
sample etching. 
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In Chapter 5, the fabrication of nanostructured surfaces for optical applications 
through the use of a large molecular weight PS-b-P2VP block copolymer templated 
process is discussed. Parvaneh Mokarian-Tabari coordinated the research project. 
Ramsankar Senthamaraikannan performed the block copolymer experiments and 
AFM, SEM, STEM and EDAX. Timothy William Collins performed film staining, 
AFM and SEM, developed the 3D model, and performed dimensional analysis on the 
patterns. Colm Glynn and Colm O’Dwyer performed the optical characterizations, 
Vis-IR and angle dependant experiments. Cian Cummins performed FIB. David 
Nugent performed simulations. 
Chapter 6 summarises the key accomplishments of each chapter and discusses the 
future development of block copolymer nanopatterns for nanofabrication. 
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2.1 Abstract 
We studied the kinetics of nanopattern evolution in PS-b-PEO diblock copolymer thin 
films. Using scanning force microscopy, a highly unexpected cylindrical flipping of 
morphology from normal to parallel to the film plane was detected during solvent 
annealing of the film (with average thickness of 30 nm) at high vapour pressure. Using 
an in-situ time resolved light scattering device combined with an environmental cell 
enabled us to obtain kinetic information at different vapour pressures. The data 
indicated that there is a threshold value for the vapour pressure necessary for the 
structural transition. We propose a swelling and de-swelling mechanism for the 
orientation flipping of the morphology.  The cyclic transition occurs faster in thick 
films (177 nm) where the mass uptake and solvent volume fraction is smaller and 
therefore the driving force for phase separation is higher. We induced a stronger 
segregation by confining the chains in graphoepitaxial patterned substrates. As 
expected, the cyclic transition occurred at higher rate. Our work is another step 
forward to understanding the structure evolution and also controlling the alignment of 
block copolymer nano-cylinders independently of thickness and external fields. 
2.2 Introduction 
Self-organized block copolymer systems have been shown to have a host of 
applications [1], [2] most notably in the fabrication of inorganic structures used in 
electronic, optoelectronic [3], [4] and magnetic devices [5]. Absolute and precise 
control of pattern orientation (i.e. to the surface plane) is central to their possible use 
and requires a profound understanding of phase behaviour [6] and structure evolution 
[2], [7], [8] during post annealing of the BCP films.  In this work, we demonstrate that 
pattern orientation coupled to pattern alignment can be achieved for cylinder forming 
PS-b-PEO films. We also show highly unexpectedly cyclic transitions with anneal 
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time of the polymer structure between perpendicular and parallel arrangements of 
microphase separated cylinders in these films using in-situ time resolved light 
scattering data combined with ex-situ time evolution AFM experiments.  This is the 
first time such observations have been reported. In particular, our work shows how 
orientation of the pattern can be determined independently of the initial film thickness, 
surface segregation effects, and “solvent fields” [9]–[14]. 
Microphase separation in BCP systems has emerged as potentially the most practical 
self-assembly technique for fabrication of ultra-small nanoelectronics circuitry.  
However, achieving long range ordered patterns of controlled orientation (to surface) 
and alignment (to an in-plane surface direction) is the key to the industrial 
development of this technology.  To perfect pattern formation for application, a good 
understanding of structure formation is needed. Thermal and solvent annealing of thin 
film block copolymers affords a means to induce the ordered microphase separation 
of these systems and so deliver organized patterns for industrial applications [15]. 
Russell and co-workers have pioneered the use of solvent annealing to direct the 
orientation of cylindrical patterns at the substrate surface using the ‘solvent field’ 
generated by solvent evaporation [16]–[18]. This work, however, demonstrates that 
solvent annealing is a (poorly understood) dynamic process that may offer 
considerable advantages in terms of structural control.  To this effect, the dynamics of 
pattern formation in thin films (30 nm and 177 nm) of cylinder forming PS-b-PEO 
exposed to toluene vapour are detailed herein. 
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2.3 Experimental 
2.3.1 Materials 
We used PS-b-PEO block copolymer purchased from Polymer Source Inc. with 
average molecular masses of blocks MPS = 42 kg mol
–1 and MPEO = 11 kg mol
–1 and 
polydispersity of 1.07. Thin and thick (30 and 177 nm) PS-b-PEO films were spun 
cast from HPLC toluene solution from Sigma-Aldrich onto bare and topographically 
patterned silicon substrates with 2 nm thick native oxide layer. The silicon substrates 
were provided and patterned by Intel using electron beam lithography technique. 
2.3.2 Characterization 
For solvent annealing, the films were placed inside individual screw cap bottles of 100 
mL volume with a toluene reservoir and were placed in the oven. The saturated vapour 
pressure is a function of temperature only, which means that by changing the 
temperature we are able to change the vapour pressure inside the cell. The films were 
exposed to toluene at different nominal vapour pressures, 12.3 kPa (at 50 °C) and 3 
kPa (at 12 °C) for different periods of time. Every 5-10 minutes one sample was 
removed from the oven. The samples were quenched at room temperature. The 
topographic and phase images of the films were recorded with a Park XE-100 AFM 
system in non-contact mode under ambient conditions using silicon microcantilever 
probe tips with a force constant of 42 N m-1 to study the structure evolution. Film 
thickness was measured by a Woollam spectroscopic ellipsometer M-2000U. In-situ 
time resolved light scattering experiments were performed in a custom made 
environmental cell (Figure 2.4) that was heated by heating tapes to prevent wall 
condensation. During the annealing, a laser beam (He-Ne, 633 nm) incident on the 
sample is reflected. The intensity of the incident and the reflected light is measured by 
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two photodiodes. The specular reflection (reflectivity) was collected for 40 minutes 
and the reflectivity-time data was analysed. 
2.4 Results 
2.4.1 Cyclic Transition 
Evidence for structural orientation control and the highly unusual cyclical ‘flipping’ 
of orientation is shown in Figure 2.1. These films were solvent annealed at 50 °C with 
nominal saturated vapour pressure of toluene about 12.3 kPa. Although these effects 
occur over a range of temperatures, 50 °C was the optimum temperature to work with 
as significantly higher temperatures lead to severe de-wetting of the films and lower 
temperatures did not provide sufficient driving force for this transition to happen. 
AFM images were collected after removal from the vapour. The film initially forms 
micelle structures, see Figure 2.1a, as evident by the bright “hill” structures, due to the 
micellization of PS-b-PEO in solution [19]. This configuration is stable for 
approximately 35 minutes when small voids begin to appear, presumably due to 
micelle coalescence, Figure 2.1b. This period appears to represent solvent diffusion 
through the film. PS is a glassy polymer and in an appropriate organic solvent, case II 
diffusion takes place [20], [21]. Case II diffusion is characterised by solvent 
propagating through a glassy polymer with a well-defined front; ahead of the solvent 
front is solvent-poor and remains glassy, while behind the front, the polymer is 
solvent-rich and plasticized. It is this plasticization which lowers the glass transition 
temperature, Tg, giving the polymer chains enhanced mobility. It can be described by 
two factors, the impact of the solvent volume fraction on the diffusion coefficient, and 
the time required for the solvent to locally plasticise the glassy matrix. Due to the 
kinetics of plasticization, case II diffusion is distinguished by an initial linear uptake 
of solvent, before crossing into a t1/2 regime, similar to Fickian diffusion, as the 
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polymer becomes saturated [22], [23]. This is a relatively slow process as the volume 
fraction of the solvent has to reach a critical value before the polymer chains can 
extend and relax. At this time a front forms and propagates in the film. After 40 
minutes of exposure the chains are stretched enough for front propagation, mass 
uptake is large enough and the phase transition to a vertical cylindrical (i.e. PEO 
cylinders within a PS matrix) occurs (Figure 2.1c). Surprisingly, this structure is not 
the thermodynamically stable state of the final film structure. Once formed, it can be 
repeatedly transformed between a parallel and vertical orientation dependent on 
solvent anneal time. This is highly unusual as additional solvent exposure normally 
only refines the structure through defect annihilation. Figure 2.1 panels d-h represent 
the recycling of these cylindrical structures. It should be noted that the structures 
formed extend through the film and are not surface effects only. This can be proven 
by selective wet/dry etching which removes the PEO cylinders from the outermost 
surface to the substrate-polymer interface (See Appendix – Chapter 2, Figure S2.7.1-
S2.7.3).  
We suggest that this flipping process results directly from a solvent swelling and de-
swelling process as the number of times this recycling occurs cannot be a result of 
continued uptake of solvent since the film cannot swell infinitely. As the solvent swells 
the film, the film reaches a critical thickness where a parallel arrangement is more 
thermodynamically favourable [12], [24] and the film reconstructs to that shown in 
Figure 2.1 panels f and h (note that Figure 2.1d represents an intermediate structure 
where both vertical and parallel arrangements are observed). 
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Figure 2.1. AFM topographic images showing repeated conversion of vertical and 
parallel orientation in a hexagonal forming PS-b-PEO film of 30 nm thick (a) after 5 
min exposure to toluene at 12.3 kPa, (b) 35 min, (c) 40 min, (perpendicular 
arrangement), (d) mixed perpendicular and parallel arrangements, (e) 55 min, (f) 60 
minutes, (g) 90 min, (h) 105 min. The images are 2x2 µm2. The insets are FFT results, 
showing the pitch of about 39 nm. 
It is suggested that the parallel cylinder orientation film continuously recycles into the 
vertical arrangement because this structure cannot maintain the volume of solvent 
absorbed and effectively ‘thins’ as excess solvent is released. This is schematically 
illustrated in Figure 2.2. The release of solvent might be associated with the surface 
energy differences of the film (surface composition is very different) or because of 
internal strain differences between the vertical and parallel arrangements. It is clear 
for this process to occur that both the vertical and parallel morphologies have very 
similar free energies of formation and small differences in conditions allow one 
structure to realise a different arrangement depending on e.g. thickness of the swelling 
film, solvent content etc. It should be noted that a recent GISAXS study of structure 
rearrangement [25] suggests lamellae PS-b-PB systems can go through de-swelling 
within a few minutes after exposure to toluene. However, this is solvent dependent as 
de-swelling in chloroform does not appear to occur for similar films [26]. 
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Figure 2.2. Schematic illustration of structural re-cycling in PS-b-PEO film (a) 
micelle formation after exposure to toluene, (b) perpendicular arrangement of the 
structure due to solvent uptake, (c) parallel orientation due to further swelling, (d) 
deswelling leads to flipping of the parallel to vertical alignment. 
2.4.2 Thickness effect 
This phenomenon was observed for all films prepared here and, for example, the 
cyclical nature of structural evolution was not affected by the initial film thickness. A 
thick film (177 nm) shows a similar behaviour to the thinner film but the rate of 
structural conversion is significantly quicker in the thicker film. In Figure 2.3b, after 
20 minutes the perpendicular cylinders are already formed - for the thinner film it takes 
40 minutes to reach this point (see Figure 2.1c). This is followed by a parallel 
orientation of cylinders (Figure 2.3c) which grow in length through the annealing 
process (see Figure 2.3c,d,f,h). The more rapid transition in thick films could be due 
to lower solvent uptake. By increasing the film thickness, the mass uptake and, 
therefore, the solvent volume fraction in the film decrease [27], leading to a strong 
Flory-Huggins interaction parameter between the polymer segments, which induces 
the driving force for the early phase separation (see Equation 2.1).  
χeff = χ (1-φs)            (2.1) 
χeff and χ are the Flory-Huggins interaction parameters in presence and absence of the 
solvent. φs is the volume fraction of solvent. 
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Figure 2.3. Cyclic transition in thick (177nm) PS-b-PEO films exposed to toluene for 
different annealing times. A transformation similar to thin film (shown in Figure 2.1) 
happens but at higher transition rate. A parallel structure is formed after 40 minutes 
(c) as opposed to 60 minutes in Figure 2.1f. The images are 2x2 µm2. 
2.4.3 In-situ time resolved light scattering 
To validate the tentative model described here, we have performed an in-situ time 
resolved light scattering experiment in an environmental cell allowing samples to be 
annealed under different toluene pressures. This allowed the verification of the case II 
diffusion scenario (through the threshold value for vapour pressure) and monitoring 
of the solvent uptake through reflectivity. The vapour pressure in the reaction chamber 
was established by flowing nitrogen through a temperature controlled solvent reservoir 
so that the solvent vapour pressure was determined by the reservoir temperature. 
Figure 2.4 is the schematic diagram of the set up. To perform the experiment at 50 °C 
and to avoid condensation, most of the experimental set up parts including the bubbler, 
all tubes carrying the gas and the environmental chamber were wrapped in heating 
tapes (not shown here). The temperature was set 1°C above the annealing temperature 
at 51°C to avoid condensation and was controlled by a thermometer at different points. 
More details about this experimental set up can be found elsewhere [27]. Figure 2.5 
Cyclical “Flipping” of Orientation in Hexagonal 
Forming Polystyrene-b-Poly(ethylene Oxide)
39 
shows reflectivity-time graphs during toluene exposure of PS-b-PEO film at saturated 
vapour pressure of 12.3 kPa (50 °C) and 3 kPa (at 12 °C). In both cases there is an 
immediate change in reflectivity after exposure to toluene. According to the Fresnel 
equation, reflectivity is a function of the thickness. Therefore the change in reflectivity 
is due to change in thickness and density. However, there is a clear difference between 
the reflectivity changes and the structure evolution at low and high vapour pressure 
(Figure 2.5). 
Figure 2.4. Schematic diagram showing the main components of the in-situ light 
scattering set up during solvent and thermal annealing in a custom-made 
environmental cell [27]. Nitrogen was blown into a toluene reservoir. The temperature 
of the reservoir was controlled in a water bath. The cell can be saturated with toluene 
with different nominal vapor pressures. The reflectivity- time data was recorded 
during the annealing. To avoid wall condensations, most components were wrapped 
in heating tapes (not shown here). 
When the film is exposed to toluene at low vapour pressure (3 kPa), there is no 
structural change after 120 minutes (see the insets Figure 2.5b). This is because 
micelles form within 5 minutes of exposure and remain stable (see the lower inset in 
Figure 2.5). Also after the initial drop in reflectivity which is due to swelling and an 
increase in film thickness, there are no further pronounced changes (Figure 2.5b). It is 
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thought that at lower vapour pressure (3 kPa), the osmotic pressure that acts on a semi-
permeable surface of a glassy polymer is not high enough to overcome the resistance 
exerted by immobilized chains in glassy PS. A contact angle measurement (α=74°) at 
a similar surface is consistent with the top layer consist of hydrophobic glassy PS. At 
high vapour pressure (12 kPa) there are 3 different regimes in Figure 2.5a. After an 
immediate change in the reflectivity due to a change in refractive index, a metastable 
equilibrium state is achieved for about 8 minutes. The small fringes are due to 
interference effects of the laser light from the top of the film and the polymer-substrate 
interface. After about 8 – 10 min there is a sharp but gradual decrease in the reflectivity 
before it plateaus. Between 30 and 40 min there is a discernible (but relatively small) 
increase in the reflectivity. The changes in the reflectivity observed are consistent with 
the AFM time evolution experiment shown in Figure 2.3. Three distinct reflectivity 
regimes in Figure 2.5 correspond to the formation of the initial three different patterns 
formed in PS-b-PEO films, as shown in the AFM images in Figure 2.3. The interval 
of 0-8 min represents the micelle structure, 8 – 25 minutes represents vertical cylinder 
formation and stability, whilst 25 – 35 minutes represent horizontal cylinder structure 
formation. The effect of the temperature is controversial in our experiment. While the 
higher temperature is expected to decrease the Flory Huggins interaction parameter 
and therefore reduce the driving force for separation, in our experiment the phase 
separation and the subsequent cyclic transition happens at higher temperature. One 
possible reason could be due to accessibility of the polymer chains to the solvent in 
the interior of the film. Low temperature does not provide enough pressure for the 
solvent to diffuse into the glassy layer easily. This can be clearly seen in Figure 2.5b 
in which the change in reflectivity (which reflects the change in thickness) is not 
apparent. On the other hand in Figure 2.5a, the high temperature provides enough 
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vapour pressure for diffusion of the vapour into the film and creates enough chain 
mobility for structure configuration. However, due to the complicated relationship of 
the reflectivity with thickness, it is not easy to predict the exact trend of thickness 
change during the swelling. But nevertheless, three distinctive regimes in reflectivity- 
time data (Figure 2.5a) and the coincident of time duration of each zone with structural 
change in AFM images back up our theory that the structural changes are related to 
thickness fluctuations. 
 
Figure 2.5. Specular reflectivity measured during the exposure of the PS-b-PEO film 
to toluene vapour (a) at 12.3kPa and (b) 3 kPa. The insets are AFM images during 
structure evolution. At high vapour pressure there are three different regimes 
correspond to different morphologies formed during that time. At low vapour pressure 
there is no change in reflectivity during the exposure and also no morphology 
evolution, suggesting a vapour pressure threshold is needed for the transition. The 
inset AFM images are 2x2 µm2. 
2.4.4 Graphoepitaxy 
If solvent exposure is to be a practical (e.g. to define parallel nanowire structures) 
method of controlling nanopattern orientation, it is also necessary to combine the 
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solvent anneal methodology with a technique such as graphoepitaxy [5], [28]–[31] that 
facilitates pattern alignment (i.e. relative to an in-plane surface direction).  These 
methods of directing the self-assembly process may impose additional boundary 
conditions which may prevent orientation control. Therefore, substrates were studied 
that were engineered with parallel channels of 400 nm width and 30 nm depth. 
Samples were prepared and processed similar to methodology described in Figure 2.1. 
The film thickness was sufficient to just fill the channels, i.e. about 30 nm (just enough 
to allow parallel cylinder morphologies) and the films demonstrated that orientation 
control coupled to directed alignment of both vertical and parallel pattern orientations 
could be achieved (Figure 2.6).  
 
Figure 2.6. The effect of graphoepitaxy on cyclic transition. (a) The parallel lines form 
quickly, within 10 min of exposure. Then the structure fluctuates between dotes and 
lines (b and c). It reaches the best parallel alignment after 90 min. (e) and (f) more 
transition of perpendicular and parallel rays of cylinder. The images are 2x2 µm2. 
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Ordered pattern formation is very rapid (indeed little evidence of micelle formation 
was observed even prior to solvent annealing) and the first ordered phase observed is 
a parallel arrangement of cylinders. As can be seen in Figure 2.6, the morphology of 
the cylinder structure switches between parallel and perpendicular arrangements with 
time, but at a significantly faster rate than seen on flat substrates. The films also exhibit 
strong graphoepitaxial effects typical of the PS-b-PEO system [32], because PEO 
interacts strongly with a silicon surface due to its higher polarity compared to PS [33]. 
This could account for the faster kinetics as graphoepitaxy is mediated by the strong 
interaction of one component with the topography and so induces component 
segregation [34]. In strongly segregated block copolymers, the chains are more 
stretched and solvent uptake happens faster [26] thus explaining the faster kinetics for 
both microphase separation and structure cycling. 
2.5 Conclusions 
In summary, we have demonstrated continuous control of pattern structure and 
alignment through solvent exposure. We have investigated the nature of a cyclic 
transition observed in PS-b-PEO thin films during the solvent annealing process. The 
morphology fluctuates between perpendicular and parallel arrays of cylinders over 
time. In-situ light scattering measurements indicate that during solvent annealing, 
structure cycles occur according to the amount of solvent in the film. The data 
indicates that there is a minimum value for the vapour pressure and solvent volume 
fraction in the film necessary for the full structural transitions to occur. This can be 
related to a case II diffusion in which a critical value of solvent is needed for formation 
and propagation of the front through the film. The cyclic structural transitions occur 
faster in both thick and topographically confined films consistent with a mechanism 
where structural transitions are related to solvent volume uptake.  
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2.7 Appendix 
 
Figure S2.7.1. AFM topography image of as-cast PS-b-PEO film (30 nm). The image 
is 2x2 μm2. 
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Figure S2.7.2. SEM image of nanowires fabricated by PS-b-PEO film. PEO lines have 
been removed by Ar/O2 plasma dry etch. The remaining PS template has been pattern 
transferred with SF6/CF4 to a silicon substrate. 
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Figure S2.7.3. TEM cross section of PS-b-PEO dot patterns. PEO cylinders have been 
removed by Ar/O2 plasma dry etch. The remaining PS template has been pattern 
transferred with SF6/CF4 to a silicon substrate. The image shows that the structures 
formed extend through the film and are not surface effects only. 
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3.1 Abstract 
Creating perpendicular alignment in lamellar block copolymer systems has 
considerable industrial and commercial significance most importantly for generating 
nanowire structures in electronic devices. In general, these lamellar systems require 
careful interface engineering to obtain vertical orientation of the blocks. To avoid the  
strong preferential adsorption of one block to either the substrate or the polymer/air 
interface, the surface must be  ‘neutralised’ by chemical brushes or external forces e.g. 
solvent fields. Reported here is a stepwise thermo/solvent annealing process allowing 
the formation of perpendicular domains of PS-b-PEO lamellar structures while 
avoiding brush or other surface modification. This BCP has a relatively small 
minimum feature size and can be used to generate substrate patterns for use in 
fabrication of nanowire electronic device structures. 
3.2 Introduction 
Microphase-separated BCP nanostructures are being heavily investigated mostly 
because of their potential application in the generation of nanoelectronic devices and 
other circuit elements. A major motivation of the research is in the possible 
development of ultra-small dimension substrate patterning without a need for 
expensive EUV lithography [1], [2]. BCPs that form lamellar structures are the most 
applicable here, as selective removal of one block generates a resist or template pattern 
[3], [4]. To date, efforts have centered on the use of PS-b-PMMA because of its 
compatibility with modern microelectronic fabrication techniques.  Lamellar PS-b-
PMMA with molecular weights less than 74 kg mol-1, however, are limited by long 
vacuum annealing periods (in excess of 3 hours) for self-assembly [5], complex brush 
chemistry for orientation control [6], a relatively large minimum feature size [7] and 
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poor etch contrast [8], [9]. There is, therefore, a need to develop not only new BCPs 
but also new processing methodologies to avoid complex surface modifications.  
Whilst self-assembly and controlling orientation in block copolymers have been 
widely investigated [10]–[16], studies related to PS-b-PEO thin films have been 
confined to asymmetric hexagonal, cylinder forming systems [12], [17]–[20]. 
Although the hexagonal systems can form line-like structures, there are no 
experimental reports, to the best of our knowledge, concerning the creation of 
perpendicular domains in lamellar PS-b-PEO films. Lamellar systems have 
advantages in lithographic applications because of their etchability [8]. Self-consistent 
mean field theory predicts that perpendicular block orientation is more favourable at 
neutral surfaces due to higher conformational freedom [21]. However, other factors 
such as surface roughness [22], [23], the differences in interfacial energy of the blocks 
with the surface [14], [24], [25], and incommensurability of the film thickness with 
the bulk value of copolymer lamellar period [14], [15], [21], [26] can also result in 
perpendicular orientation in lamellar systems. In this chapter, we introduce a simple 
stepwise thermo/solvent annealing process, which is a combination of thermal and 
solvent annealing to generate the perpendicular nanostructures in lamellar PS-b-PEO 
systems. In this method the perpendicular alignment of the blocks is facilitated without 
use of a polymer brush or any complex surface functionalisation chemistry. 
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3.3 Experimental 
3.3.1 Polymers 
Two symmetric PS-b-PEO diblock copolymers (labelled PS24-PEO24.5 and PS12.5-
PEO14)  with number average molecular weight (Mn,PS = 24 kg mol
–1 / Mn,PEO = 24.5 
kg mol–1, PDI = 1.09, (𝒇𝑷𝑬𝑶 
𝒗  0.5) and (Mn,PS = 12.5 kg mol–1 / Mn,PEO = 14 kg mol–1, 
PDI = 1.09, (𝒇𝑷𝑬𝑶 
𝒗  0.52) from Polymer Source were used to demonstrate the stepwise 
thermo/solvent annealing process for generating nanopatterns. The copolymers were 
used as bought and with no further modification. Thin films of PS-b-PEO were spin 
coated onto silicon wafers from 1 wt. % polymer solution in toluene (3000 rpm for 30 
s). The properties of each diblock copolymer are summarised in Table 3.1. 
Sample Code Mn,PS 
(kg mol–1) 
Mn,PEO 
(kg mol–1) 
𝒇𝑷𝑬𝑶
𝒗  𝑻𝑷𝑬𝑶
𝒈
 
(°C) 
𝑻𝑷𝑬𝑶
𝒎  
(°C) 
𝑻𝑷𝑬𝑶
𝑪  
(°C) 
PS24-PEO24.5 24 24.5 0.5 -65 63 43 
PS12.5-PEO14 12.5 14 0.52 -48 56 36 
 
Table 3.1. The properties of the copolrmers based on the data sheet. 𝒇𝑷𝑬𝑶
𝒗 , 𝑻𝑷𝑬𝑶
𝒈
, 𝑻𝑷𝑬𝑶
𝒎  
and 𝑻𝑷𝑬𝑶
𝒄  are the volume fraction, glass transition, melting and crystallisation 
temparature of PEO, respectively. 
3.3.2 Stepwise thermo/solvent Annealing 
In the stepwise thermo/solvent annealing process the films of PS24-PEO24.5 were 
thermal annealed in the oven at 90 °C then cooled to 70 °C (above the melting point 
of PEO). The samples were then removed from the oven and placed in a 100 ml vessel 
with toluene and water reservoirs and returned to the oven at 68 °C. The samples were 
annealed at 46 °C (i.e. above the crystallisation temperature of PEO block) for two 
hours. The overall process is described graphically in Figure 3.1, which also describes 
the intention of each stage of the process.  The same process was applied on thin films 
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of PS12.5-PEO14. However, the annealing temperatures at different steps were 
modified based on the melting and crystallisation temperature of PEO block in this 
system. More details are provided in section 3.4. 
Figure 3.1. The 4 critical steps in stepwise thermo/solvent annealing of PS24-b-
PEO24.5 film; (1) Isothermal annealing for 2-3 hours at 90 °C, (2) Cooling the film to 
70 °C and removing from the oven, (3) putting the samples in the vial with toluene 
and water reservoir and returning the samples to the oven at 68 °C (above PEO melting 
point), (4) Solvent annealing the samples at 46 °C (above crystallization temperature 
of PEO). The black dotted lines show the melting and crystallization temperature of 
PEO. 
3.3.3 Film characterisation 
Atomic Force Microscopy (AFM). The topographic and phase images of the films 
were recorded with a Park XE-100 AFM system in non-contact mode under ambient 
conditions using silicon microcantilever probe tips with a force constant of 42 N m-1. 
Transmission Electron Microscopy (TEM). Site-selective cross sectional TEM 
sample preparation was performed using an Omniprobe lift-out on a dual-beam FEI 
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Strata 400 focused ion-beam (FIB).  All TEM imaging was performed on a FEI 
Technai G20 LaB6 operating at an accelerating voltage of 200 kV. 
Scanning Electron Microscopy (SEM). SEM images were obtained using a high 
resolution field emission Zeiss Ultra Plus operating between 5 and 10 keV. For cross-
sectional SEM image, the sample was cleaved with a diamond knife and mounted on 
a 90° cross section holder and tilted at various angles. 
3.3.4 Etch and pattern transfer 
Two different methods of wet and dry etching were carried out to remove PEO blocks 
selectively. For wet etch, the PS-b-PEO films on Si substrate were immersed in 
hydriodic acid (HI) at 60 °C for 5 days followed by rinsing with methanol and water 
and dried with nitrogen [27]. The dry etch was performed in an Oxford Instruments 
Plasmatech in RIE mode using a mixture of tetrafluoromethane (CF4) and O2 at the 
pressure of 20 mTorr. The remaining PS mask was pattern transferred to a silicon 
substrate using a combination of sulfur hexafluoride (SF6) and octafluorocyclobutane 
(C4F8) gasses in an STS AOE Surface Technology Systems Advanced Oxide Etch 
inductively coupled plasma (ICP) etcher. The residual PS stripes after the pattern 
transfer were removed by O2 plasma [8], [9] 
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3.4 Results and Discussion 
3.4.1 Stepwise Annealing 
In order to generate perpendicular lamellae, a range of thermal and solvent annealing 
steps, for example, in toluene, water, chloroform and tetrahydrofuran etc. (and 
mixtures thereof) were tested based on the asymmetric, cylinder forming systems [12], 
[19], [28].  No lateral phase separation was observed in the film, see Figure 3.2. The 
Flory-Huggins interaction parameter () between PS and PEO at a given temperature 
(T) can be calculated using the equation reported by Zhu et al. [29], ( = -7.05 x 10-3 
+ 21.3/T). Calculating the degree of polymerization (N),  N = 860 for the PS24-
PEO24.5 systems, and N = 479 for the PS12.5-PEO14 systems. In our experimental 
conditions (T = 20 - 100 °C) the phase segregation strength N is larger than 10.50, 
therefore it is likely that the lamellae domains have formed parallel to the surface 
plane. This is consistent with the known strong affinity between the polar, hydrophilic 
PEO and the silicon substrate surface as well as the significantly lower surface energy 
of PS (PS = 31 mN m-1 and PEO = 43 mN m-1).  
Theoretical [21], [30] and experimental [22]–[24], [31]–[34] studies indicate that 
perpendicular orientation is achieved using a processing method that alters the 
interface chemistry (e.g., using polymer brushes). This also reduces the occurrence of 
break-out crystallisation, a phenomenon observed within miscible crystalline/rubbery 
BCPs, which results in the formation of large, irregular crystals, irrespective of the 
BCP composition [35], [36]. The latter point is important as PS-b-PEO is a 
semicrystalline BCP with the PEO being the crystalline block. Patterns form in these 
systems via two competing self-organizing mechanisms, [37]–[41] microphase 
separation and/or crystallization. Both these processes have common kinetically 
controlling parameters (i.e., temperature, pressure etc.) and changes in one parameter 
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can change the competitive balance of these mechanisms. In contrast to amorphous 
copolymers where thermodynamics defines the orientation of the lamellae, in 
semicrystalline polymers the morphology is dictated by kinetics of the crystallisation 
[42]. 
 
Figure 3.2. AFM topography images of of PS24-PEO24.5 films after conventional 
annealing at 50 °C in (a-c) toluene vapour, (d-f) chloroform vapour and (g-i) mixed 
toluene and water vapour atmosphere over different period of time. No microphase 
separation is observed on the top surface of the film.  
Above the crystallization temperature (Tc) the incompatibility between the blocks 
provides enough driving force to facilitate microphase separation and the formation of 
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the lamellar morphologies. However, below the (Tc), crystallization will drive the 
formation of alternating layers of the polymer blocks.  In the first step of the 
thermo/solvent annealing, samples are heated at 90 °C for 2-3 hours, which is above 
the melting temperature of PEO (𝑻𝑷𝑬𝑶
𝒎  = 63 °C). High temperature makes the polymer 
chains highly mobile, allowing unfolding and stretching of the chains. Long annealing 
times encourages homogenous nucleation of PEO alignment. If the annealing time is 
short (in our experiment less than 2 hours), the structure evolution is dominated by the 
polymer-substrate interfaces [43], [44]. In Steps 2 and 3 of the thermo/solvent 
annealing process, the film was cooled to 70 °C and then removed from the oven and 
placed inside a screw cap bottle (100 ml) and placed in an oven at 68 °C, with a toluene 
and water reservoir. The temperature of the oven was set a few degrees above the 
melting point of PEO (  𝑻𝑷𝑬𝑶
𝒎  = 63 °C).  
 
Figure 3.3. Schematic presentation of proposed structure evolution of lamellar PS-b-
PEO thin film during stepwise thrmo/solvent annealing suggesting (a) parallel 
orientation of PS and PEO blocks on bare Si substrate after thermal annealing, (b) The 
swelling of PS chains upon exposure to toluene and the subsequent aggregation of PS 
chains upon exposure to water vapour to minimize the contact with water, (c) diffusion 
of PEO to the surface and the perpendicular alignment of the blocks. 
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Toluene is a good solvent for both polymers but slightly selective for PS whilst water 
is selective for PEO (the Hildebrand solubility parameter for PS, PEO and toluene are 
PEO = 24.3 MPa0.5, PS = 18.61 MPa0.5, toluene = 18.3 MPa0.5) [45]. 
We believe that while exposure to toluene will allow PS chains to swell and stretch, 
as shown in Figure 3.3, the presence of water causes the PS chains to aggregate to 
minimize the PS – H2O interactions (Figure 3(b)). The PEO – H2O interactions are 
thermodynamically favourable and PEO will, therefore, attempt to maximize its 
concentration at the film surface area to maximize the contact with water and offset 
the tendency for PS to be at the surface because of its lower surface energy.   Also, the 
diffusion of toluene molecules in the film will act to reduce the PEO-substrate 
interactions and decrease the likelihood of forming PEO layers at the polymer – 
substrate interface [43].  In this way, this annealing step should favour vertical over 
horizontal alignment of the lamellae (Figure 3.3(c)). Note that the chain orientations 
shown in Figure 3.3 are not the exact configuration. The chains can be either parallel 
or perpendicular in both PS and PEO phase-separated domains independently. In the 
final stage of the stepwise annealing process (step 4), the films are solvent annealed 
with water and toluene for 2 hrs at 46 °C.  This temperature is above the PEO 
crystallization temperature ( 𝑻𝑷𝑬𝑶
𝑪  = 43 °C) and should provide sufficient time for
microphase separation (N 52) while avoiding breakout crystallization. Upon 
removal from the oven, if any crystallization occurs it will be confined within micro 
phase separated domains and therefore the structure will be sustained. The overall 
process is described in Figure 3.1.  The resulting film morphology can be seen in 
Figure 3.4(a). A perpendicular alignment (i.e. linear structures) of PS and PEO 
domains with a half pitch of 24 nm was achieved in PS24-PEO24.5. 
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Figure 3.4. An AFM topography image of the laterally phase separated lamellar PS-
b-PEO films after stepwise thermo/solvent annealing process (a) in PS24-b-PEO24.5 
film with half pitch of 24 nm and (b) in PS12.5-b-PEO14 film with 17 nm half pitch.  
3.4.2 Influence of Molecular Weight 
To confirm the validity of this approach, the same method was applied to the PS12.5-
b-PEO14 block copolymer with number average molecular weight, Mn,PS = 12.5 K and 
Mn,PEO = 14 K
 (see Table 3.1).  As this block copolymer has a lower molecular weight 
compared to PS24-PEO24.5, the melting and crystallization temperature of PEO block 
are lower, and therefore, the annealing temperature was adjusted accordingly. The 
films were isothermally annealed at 90 °C for 150 minutes, then cooled to 75 °C and 
then exposed to toluene and water, before being returned to the oven at 66 °C and 
thermo/solvent annealed at 40 °C for 135 minutes. The data presented in Figure 3.4(b) 
shows phase-separated PS-b-PEO lines with half pitch size of 17 nm. The measured 
pitch values, 𝒅𝐏𝐒𝟐𝟒−𝐏𝐄𝐎𝟐𝟒.𝟓 = 48 nm and 𝒅𝐏𝐒𝟏𝟐.𝟓−𝐏𝐄𝐎𝟏𝟒  = 34 nm have a relatively 
good agreement with mean field theory for prediction of domain spacing in lamellar 
semicrystalline diblock (𝒅 = 𝑵𝑵𝒂
−𝟓/𝟏𝟐
) [46]. N is the total degree of polymerisation 
and Na is the degree of polymerisation for the amorphous block.  
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3.4.3 Pattern transfer 
To demonstrate that these structures have a morphology consistent with the surface 
imaging in Figure 3.4 (i.e. the patterns are not restricted to the surface region and may 
be used to generate topographical patterns), we attempted to use the polymer patterns 
to create substrate topography via pattern transfer.  PEO removal can be achieved by 
either a wet or dry etch.  A wet, selective etch of the PEO segment can be achieved 
using HI (the film is immersed in aqueous HI at 60 °C for 5 days followed by rinsing 
with methanol and water) [27]. Subsequent TEM cross-section analysis (Figure 3.5(a)) 
shows that the pattern extends from the exterior towards the substrate surface.  As can 
be seen, the wet etch methodology is not successful in removing the entire polymer 
and either residual material or a wetting layer was formed. More extensive etch periods 
by wet method led to degradation of the structure. A more successful process was 
developed using a dry etch procedure performed in an Oxford Instruments Plasmatech 
in RIE mode using a mixture of CF4/O2. Figure 5(b) shows the tilted cross-section 
image of the film after the etch. Only residual PEO could be detected using either 
FTIR or XPS (See Appendix – Chapter 3, Figure S3.6.1 and S3.6.2, respectively). The 
remaining PS mask after the PEO etch was pattern transferred to a silicon substrate 
using a SF6/CF4 etch [8], [9] followed by a thermal oxidation to remove all traces of 
polymer. A SEM image of the film, as displayed in Figure 3.5(c), shows the silicon 
pattern that results, and it can be concluded that successful pattern transfer of the PS 
template into the Si substrate and fabrication of Si nanowires has been achieved.   This 
is a notable result, because typically the systems that have generally been used for 
pattern transfer to substrate surfaces are PS-b-PMMA or PS-b-PMDS, and this work 
extends the range of polymers that may be used without any surface modification (i.e., 
brushes, SAMs, etc.). PS-b-PEO may have considerable advantages over other 
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systems because of its relatively high  value allowing extensibility to very small 
feature sizes [18] and the ease of chemically modifying the PEO block. 
 
Figure 3.5. Etch and pattern transfer of PS-b-PEO film. (a) a TEM cross-section image 
of the film after the wet etch in HI, (b) a tilted cross section SEM image of PS template 
at a 30°  after removal of PEO with CF4/O2 dry etch,  (c) a SEM image silicon 
nanowires through pattern transfer of PS template. 
3.5 Conclusions 
In summary, we have developed a simple method, stepwise thermo/solvent annealing, 
to achieve laterally phase-separated line morphology in lamellar PS-b-PEO systems 
without neutralizing the surface of the Si substrate or modifying the polymer solution. 
The stepwise thermo/solvent annealing consists of four critical steps: (i) isothermal 
annealing of the sample to mobilize the polymer chains, (ii) cooling the sample to 
allow unfolded chains structure to slowly relax, (iii) mixed solvent annealing, each 
selective for one polymer and finally, (iv) non-isothermal (thermo/solvent) annealing 
starts from above melting temperature of PEO and stops a few degrees above the 
crystallization temperature of PEO block. This simple method could possibly be a 
generic methodology that could be successfully applied to other semicrystalline block 
copolymer systems. As outlined here, applying the method to two different lamellar 
PS-b-PEO systems allowed the generation of well-defined vertical lamellae structures, 
which were utilized for pattern transfer into silicon substrate and may ultimately 
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enable the fabrication of arrays of nanowires on large area substrates, for example, 
silicon wafers. 
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3.7 Appendix 
 
Figure S3.7.1. FTIR spectra of PS24-b-PEO24.5 as prepared (red) and following dry 
etching (black). The characteristic C-O-C ether peak at 1070-1130 cm-1 is significantly 
less defined following etching. 
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Figure S3.7.2. XPS spectra of PS24-b-PEO24.5 as prepared (red) and following dry 
etching (black). The characteristic oxygen 1s peak at 533 eV has been largely removed 
by the etching process. 
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5.1 Abstract 
Nanostructured surfaces are common in nature and exhibit properties such as 
antireflectivity (moth eyes), self-cleaning (lotus leaf), iridescent colours (butterfly 
wings) and water harvesting (desert beetles).  We now understand these properties and 
can mimic some of these natural structures in the laboratory.  However, these synthetic 
structures are limited since they are not easily mass produced over large areas due to 
the limited scalability of current technologies such as UV-lithography, the high cost 
of infrastructure and the inability to pattern non-planar surfaces. Here, we report a 
solution process based on block copolymer self-assembly to fabricate sub-wavelength 
structures on large areas of optical and curved surfaces with feature size and spacing 
designed to efficiently scatter visible light. SiNPs with diameters of ~115 ± 19 nm, 
periodicity of 180 ± 18 nm and aspect ratio of 2-15 show a reduction in reflectivity by 
a factor of 100, < 0.16% between 400-900 nm at AOI 30°. Significantly, the 
reflectivity remains below 1.75% up to incident angles of 75°. Modelling the 
efficiency of a SiNP PV suggests a 24.6% increase in efficiency - representing a 3.52% 
(absolute) or 16.7% (relative) increase in electrical energy output from the PV system 
compared to the AR-coated device. 
5.2 Introduction 
BCP self-assembly is a potential solution based process that could offer an alternative 
route to produce highly ordered photonic crystal structures. However, BCP efforts 
have been limited to sub-100 nm spacing/feature sizes limiting their application in 
optics industry. BCPs generally form nanodomains of 5-100 nm due to microphase 
separation of the incompatible constituent blocks. The size and structural arrangement 
of the domains can be customized by the molecular weight and volume fraction of the 
blocks. These BCP derived nanostructures have been employed for the fabrication of 
Large Block Copolymer Self-Assembly for Fabrication of Subwavelength 
Nanostructures for Applications in Optics 
106 
 
1D photonic crystals [1], [2] based on lamellar systems, to 2D [3] and 3D structures 
based on bicontinuous gyroid structures [4], photonic gels [5], [6], moth-eye structures 
[7], higher luminescent LEDs [8], antireflective coatings [9] some with improved self-
cleaning properties [10] and metamaterials [11], [12]. However, advancing the 
technology beyond 1D and 2D photonic crystals for manipulation of visible light has 
been challenging [13]. In order to modulate photons in the visible and near-infrared 
light range (400-1500 nm), lateral pattern feature/domain sizes must ensure a 
periodicity, graded index and aspect ratio that minimizes broadband reflectivity, and 
ideally maintain reflectivity suppression so the effect is omnidirectional. The diameter 
of the features being subwavelength strongly affect reflectivity (close to quarter 
wavelength, but not prescriptively so). The smaller features do not supress the 
reflectivity as much as the larger features do. See Figure S5.7.1. There is thought to 
be an ‘inherent size limitation’ in BCP self-assembly due to significant kinetic 
penalties that arise from higher molecular entanglement in ultra-high molecular weight 
polymers (>500 kg/mol), requiring a very long annealing time [14], [15]. Furthermore, 
synthesising ultra-high molecular weight BCPs above 500,000 kg/mol of the required 
monodispersity remains very challenging [15], [16]. Alternative strategies to increase 
domain dimensions such as adding homopolymers [17] and swelling the domains with 
ionic liquid [18] have been explored, but they introduce defects, segregation or simply 
do not go beyond 100 nm limit. This work addresses the critical element of the work 
extending the size limitations of BCPs from the sub-20 nm range (as developed for 
semiconductor fabrication) to 100 nm [16] and toward dimension ranges expected for 
techniques applicable to the optics industry. Here, we exploit commercially available 
block copolymers to generate periodic hexagonal domain structures with average 
cylinder diameter of 115 nm and the inter cylinder spacing (L0) of greater than 160 
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nm, and use these masks to make nanopillars of high aspect ratio for fabrication of 
omnidirectional broadband antireflective surfaces. We show our 870 nm tall SiNPs 
with a tapered structure and height: width aspect ratio >10, supress reflectivity more 
than 2 orders of magnitude, and from 34% to 0.16% in the range of visible light. To 
date, we believe this is the minimum reflectance of nanotextured Si made by BCPs 
[19], [20] and comparable with other methods rivalling black silicon [21]. Also as we 
show here, this method has the potential to be used for patterning curved surfaces. 
5.3 Experimental 
5.3.1 Film preparation.  
The polymer was dissolved in a toluene: tetrahydrofuran (THF) (80:20) mixture to 
yield from 0.5 wt. % to 3.0 wt. % solutions and left stirring for 2 h to ensure complete 
dissolution. BCP films were prepared by spin coating the polymer solution onto the 
substrates at 4500 rpm for 30 s. Following deposition, the PS-b-P2VP films were 
exposed to solvent mixtures of THF: CHCl3 with volume ratio of 2:1, for an hour at 
room temperature. Solvent annealing was carried out in the conventional manner with 
two small vials containing 2 mL THF and 1 mL CHCl3 placed inside a glass jar with 
volume of approximately 150 mL, along with the BCP sample. Phase separated BCP 
thin film were reconstructed by exposing the film to ethanol vapour at 40 °C for 45 
minutes. A 0.8 wt. % of iron nitrate ethanolic solution was spin cast on silicon 
substrate as reported previously [22]. For glass and GaN substrates, and to achieve 
superior etch contrast, a 2 wt. % of nickel nitrate ethanolic solution was deposited on 
the film. UV/Ozone treatment (Novascan PSD series) was used to oxidize the 
precursor and remove the matrix polymer.  
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5.3.2 Pattern transfer.  
Iron oxide nanodots fabricated on substrate surface from BCP template were used as 
an etch mask for pattern transfer. The silicon etch was performed using C4F8 (90 sccm) 
and SF6 (30 sccm) gases for various duration of time with an inductively coupled 
plasma (ICP) and reactive ion etching (RIE) powers of 600 W and 15 W, respectively, 
at 2.0 Pa with a helium backside cooling pressure of 1.3 kPa to transfer the patterns 
into the underlying substrate. The GaN etch was performed using CH4 (5 sccm), H2 
(15 sccm) and Ar (25 sccm) gases for desired time with ICP and RIE powers of 500 
W and 45 W. The glass etch was performed using Ar (45 sccm) and SF6 (5 sccm) 
gasses for 2 min etch time with ICP and RIE powers of 900 W and 100 W, 
respectively. The etching process was accomplished in an OIPT Plasmalab System100 
ICP180 etch tool. Figure S5.7.4 shows the schematic of the steps for the fabrication of 
nanopillars. 
5.3.3 Optical analysis.  
Angle-resolved optical characterization was conducted using an in-house constructed 
cage-mounted optical reflectance/transmission spectroscopy setup. The reflectivity 
was obtained at variable AOI using a rotating sample stage and collection arm with 
constant path length. Samples were illuminated with a white Halogen bulb collimated 
to a beam diameter of ~ 1 - 2 mm. UV-Vis-NIR spectra of the reflected light was 
collected using collimation and focusing optics to two Oceanoptics spectrometers, a 
USB2000+ and a NIRQuest256-2.5, with optical resolutions of 1.5 nm and 9.5 nm 
respectively. Reference spectra were acquired using an Au mirror (ThorLabs gold 
mirror PF10-03-M01) at each AOI investigated prior to sample data collection under 
identical conditions. 
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5.3.4 Dimensional analysis.  
The analysis of the patterns was performed using an in-house algorithm based on the 
circular Hough transform and Delaunay triangulation. The extracted dimensions were 
fitted to a Gaussian plot to record the mean and deviation. This methodology allows 
us to finely measure dimensional information such as cylinder diameter and centre to 
centre distance (L0) to monitor the block copolymer patterns. More information is 
provided in Figure S5.7.6. 
5.3.5 3D model.  
Representative 3D models were created in "Rhinoceros 5" modelling software. The 
profile from cross-sectional STEM images was combined with position and outlines 
from AFM images to form three dimensional polysurfaces. The model was then 
colourised to show the layers of materials. 
5.3.6 Microscopy.  
Atomic Force Microscope (SPM, Park systems, XE-100) was operated in AC 
(tapping) mode under ambient conditions using silicon microcantilever probe tips with 
a force constant of 42 N m-1. Topographic and phase images were recorded 
simultaneously. SEM images were obtained by a high resolution (<1 nm) Field 
Emission Zeiss Ultra Plus-SEM with a Gemini column operating at an accelerating 
voltage of 5 kV. The scanning transmission electron microscope (STEM) lamella 
specimen were prepared by the Zeiss Auriga-FIB (Carl Zeiss Microscopy Ltd.) with a 
Cobra ion column having a unique 2.5 nm resolution and were analysed by FEI Titan-
TEM operating at an accelerating voltage of 200 kV. 
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5.3.7 Simulation.  
Optical reflectivities are simulated using the “Grating Diffraction Calculator” (GD-
Calc®), an electromagnetic simulation program that computes diffraction efficiencies 
of optical grating structures, including biperiodic gratings. The program’s capabilities 
include a general and flexible grating modelling facility, structure parameterization 
(with any number of parameters), and unrestricted control over diffraction order 
selection. Periodic gratings are “block-structured” (or must be defined approximately 
in terms of a block structured representation), meaning that the grating comprises 
optically homogeneous regions whose bounding surfaces are planes parallel to a set 
of primary coordinate planes. Moth eye-type structures are simulated as truncated 
cones with upper and lower diameters based on the measured structures.  
5.4 Results and Discussion 
5.4.1 Nanopattern Formation and BCP Characterization. 
A highly periodic BCP pattern was made using commercially available polystyrene-
block-poly(2-vinylpyridine) (PS-b-P2VP) with molecular weight of about 800 kg/mol, 
phase separating into cylinders with diameter of 115±19 nm, and periodicity of 
180±18 nm on Si, GaN and glass (Figure 5.1(a-c)). Figures 5.1(d-f) show the top-
down SEM images of various nanopillars with an excellent coverage over large 
substrate areas after pattern transfer. The expected very slow kinetics for ordered 
microphase separation of high molecular weight BCPs were not observed, and solvent 
annealing for an hour (THF/CHCl3 at room temperature) led to the formation of highly 
ordered hexagonally packed domain patterns of feature size > 100 nm. Due to slow 
reptation of the ultra-high molecular BCP chain (Mw>500 kg/mol), this is a highly 
unexpected observation.  To the best of our knowledge, to achieve a highly ordered 
pattern in the range of molecular weight used here (i.e. 800 kg/mol) either requires 
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hours [14], [15] and weeks [1], [13] of annealing at higher temperatures or involves 
special polymerization methods [23]. Most probably, the system seems likely to have 
been trapped in a kinetically metastable phase within the thin film. We suggest that a 
meta-stable hexagonally perforated lamellar (HPL) phase is formed in these thin films 
due to a confinement effect as seen also in other systems [24]. Longer annealing 
durations (2-24 hours) do result in either a reduction or complete loss of order in the 
pattern (see Figure S5.7.2), while the film remains intact on the substrate (i.e. no 
dewetting is observed). This suggests the original phase separated pattern was possibly 
a non-equilibrium phase rather than an equilibrium state. However, this might be an 
overly simplistic view as recent papers have shown that solvent annealing is a complex 
process with kinetic and thermodynamic limitations that might enable more rapid 
ordered microphase separation than expected [25]–[27].  To obtain more insight about 
the internal structure of the film, FIB-lamella cross section TEM and STEM was 
performed on the polymer film after solvent annealing. Substrates were stained with 
RuO4 for PS (Figure 5.2b), and iodine (Figure 5.2c) for P2VP to enhance the contrast 
between PS and P2VP domains for imaging. Figure 5.2a shows a STEM-EDX 
elemental map of the features in the iodine stained film. Figure 5.2c shows a perforated 
structure suggesting the formation of a HPL phase with stacking layers of the ABC 
type (since the centre of the cylinders in the first layer is offset against the lower layer 
(Figure 5.2d). A 3D modelling of the structure for visualisation is presented in Figure 
5.2e. A video of the modelled structure is available (Figure S5.7.3). We have studied 
a wide range of film thickness from 25 to 500 nm with solvent annealing time of 1-24 
h (see Figure S5.7.2). The best result is mostly achieved at a narrow window of 
thickness close to the pitch of 165 nm and within an hour of exposure to THF and 
CHCl3 with ratio of (2:1).  
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5.4.2 Optical Characterization. 
The BCP template in (Figure 5.1a) was used as a mask to make SiNPs with aspect 
ratio of 2-15 and with heights up to 1150 nm. As a proof of concept a BK7 convex 
lens with diameter of 3.2 cm was also patterned by BCPs (Figure S5.7.4). The 
subwavelength patterns made by BCP self-assembly were transferred to a number of 
electronic, industrial and optoelectronic substrates such as Si, glass and GaN after 
metal oxide inclusion [22] and by plasma etch. Figure 5.3 shows the average 
reflectivity of our “super tall” SiNPs with apex and base diameter of 70 and 130 nm 
respectively and height of 870 nm within the angle of incidence range of 30-75°. 
Figure 5.1. Large domain (diameter >100 nm) of (PS-b-P2VP) on optical surfaces. 
AFM topography of the phase separated block copolymer film on (a) Si with the FFT 
profile on inset, (b) BK7 glass, and (c) GaN. SEM top-down images of (d) Si 
nanopillars (e) glass and (f) GaN nanopillars after etch and pattern transfer. Cross 
section SEM image of (g) Si, and (h) glass nanopillars. (i) Size distribution of the 
domains (diameter of the cylinders) of the polymer pattern on Si. 
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The significance of the result shown in (Figure 5.3) is the reduction in reflectivity by 
a factor of >100 achieved by overcoming the 100 nm size limit in block copolymers, 
which are typically hindered due to the kinetics at such large chain lengths. 
 
Figure 5.2. Internal structure of the perforated lamellae in 800k g/mol PS-b-P2VP. (a) 
FIB- lamella STEM cross section of the film after annealing and staining with iodine, 
and the relevant EDX map, (b) after staining the film with iodine, and (c) after staining 
with RuO4. (d) FIB-STEM image of polymer film after annealing and staining with 
iodine showing the perforated lamellar and ABC stacking order, (e) visualization of 
the 3D reconstructed structure based on STEM-LAM cross section and AFM images. 
For clarity P2VP domains are colored in purple in the front plane and blue at the back 
plane, while PS domains are transparent. 
To date, the SOA antireflective properties of sub-wavelength structures derived from 
BCPs has an average reflectivity of about 1% at best [19] and often above 1%. In 
comparison, we achieved a broadband antireflection less than 0.16%, over the entire 
spectrum of 400-900 nm at AOI of 30° with our 870 nm high SiNPs (Figure 5.3a). The 
advance in the SOA can be shown by reference to recent work by Rahman et al [19], 
for smaller domain size (sub 50 nm) and shorter nanopillars (made by BCPs), the 
average value of reflectivity is 20% at higher AOIs [19], while for our samples the 
average reflectivity remains as low as 1.74% at AOI as high as 75°, across the Vis-
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NIR (visible- near infrared) range (Figure 5.3). The marked reduction in visible light 
reflectivity from the BCP periodically patterned textured Si surface results from 
scattering in the Vis-NIR range, as Fresnel reflection from step-changes in refractive 
index are significantly reduced. Fresnel reflection represents the portion of incident 
light reflected at discrete interfaces between media of different refractive indices, in 
this case air and silicon. By “blurring” the interface through the use of nanopillars, the 
reflected light is significantly reduced.  It should be mentioned although the formation 
of giant lamella pattern with L0 ~ 200 nm has been demonstrated [14], they do not 
provide the graded refractive index and index matching with the ambient air (cause by 
SiNP tapering) to provide an effective medium, needed for enhanced suppression of 
light reflectivity. 
 
Figure 5.3. Broadband antireflection properties of silicon nanopillars by block 
copolymer self-assembly 30-75º. (a) reflectivity of planar Si (black triangles) and 870 
nm SiNPs for different values of AOI: 30º (red circle), 45º (blue star), 60º (pink 
diamond), 70º (green triangle), 75º (navy square) , (b) the SEM cross section image of 
SiNPs with a height of 870 nm, base diameter of 130 nm and apex diameter of 70 nm. 
(c) Highly reflective planar Si and (d) photographs of nanopatterned Si that appears 
uniformly black by elimination of visible light reflection compared to Si (100) 
substrate. 
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5.4.3 Omnidirectional broadband antireflective SiNPs. 
The height and angle dependent optical reflectance of the Si nanopillars was probed 
in the 400 – 900 nm wavelength for AOIs from near-normal incidence to 75º. 
Geometric features of the SiNPs are characterised and shown in (Figure 5.4a-f). While 
the periodicity of the nanopatterns remains the same for all samples, the height of the 
pillars is varied by BCP processing and etching from 180 to 1150 nm. Tuning the 
height with high fidelity through the metal oxide inclusion [22] is not achievable 
through the wet etch process or polymer masks only. The nanopillars’ sidewall are 
consistently in the range 12-15º for the period array. The general trend in reflectivity 
is maintained for all AOIs (Figure 5.4g-j), and by tuning the height of the nanopillars 
from 180 to 870 nm, we can supresses the reflectivity more efficiently, as expected 
due to graded refractive index effect in tall nanopillars with a reducing volume fraction 
further from the substrate. Increasing the aspect ratio of the SiNPs increase the optical 
length of the incident light, which can lead to multiple reflection and scattering, which 
subsequently can leads to more absorption. However, there appears to be a threshold 
height (~870 nm) above which there is no significant change in reflectivity (compare 
data for 870 nm nanopillars and 1150 nm nanopillars in Figure 5.4; see also Figure 
5.3a). A similar effect has been reported by Teng et al. [28], in which increasing the 
height of the pillars leads to an increase in reflectivity, while the opposite effect is 
expected. Due to their large surface area, the nanopillars are susceptible to deformation 
due to surface forces, such as adhesive and capillary force. During the dry etch process, 
greater capillary force for the high aspect ratio nanopillars, overcomes the supportive 
force [28], leading SiNPs to bend and aggregate at the top, which acts as a reflective 
surface.  
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Figure 5.4. Omnidirectional broadband antireflective SiNPs with aspect ratio of 2-15. 
Geometry configuration of highly tuneable SiNPs made by large BCPs with relevant 
heights at (a) 180 nm, (b) 310 nm, (c) 515 nm, (d) 610 nm, (e) 870 nm and (f) 1150 
nm. The scale bars are 200 nm. Angular dependence of SiNPs with various height at 
different angle of incidence: (g) 45°, (h) 60°, (i) 70° and (j) 75°. Note that the y-axis 
is logarithmic scale for the nanopatterned Si data (up to the break point) and linear 
scale for planar Si. The legend in (g-j) demonstrate average SiNP’s height. 
The SEM image (Figure 5.4f) confirms the aggregation of SiNPs on top for the tallest 
SiNP (1150 nm), explaining the reason for lower reflectivity in comparison to 870 nm 
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SiNPs, which exhibits the strongest reduction in reflectivity (0.16-1.74%) at all angles 
of incidences (Figure 5.4).The minimum angular dependency demonstrated here could 
have a significant impact on photovoltaics efficiency as it would reduce the need for 
an integrated mechanised tracking system that keeps the solar cells aligned to the sun 
throughout the day. Angle-resolved reflectance data in (Figure 5.5) demonstrate that 
BCP-nanopatterned silicon surfaces are very effective in reducing silicon transparency 
at IR wavelengths, in particular for common data transmission wavelengths of 1310 
and 1550 nm (Figure 5a and 5b) from Si/SiGe-based MQW LEDs [29] or 
InGaAs/GaAs lasers [30]. The patterned tapered SiNP structures with a periodicity of 
~ 180 nm (~λ/2n), comprising a graded index effective medium with a height h ~ λ/2 
(i.e. 610 nm pillars at λ= 1310 nm), reduces NIR reflectivity down to 7.5-15% from 
44% in non-patterned Si within the AOI range of 30-75° (Figure 5a) consistent with a 
very effective subwavelength broadband omnidirectional antireflection coating. In the 
visible range, at the He-Ne emission energy at λ = 632.8 nm (Figure 5.5d), resonant 
scattering is considerably enhanced for 610 nm, with maximum antireflection (down 
to a value as low as 0.15 - 8%) up to 75° away from normal incidence. In the visible 
range (at 514.5 nm and 632. 8 nm) NPs with heights from 870 - 1150 nm exhibit the 
best broadband omnidirectional antireflection properties, and in both cases exhibit 
aspect ratios from 10-15. The minimum reflectivity of 0.16-1.74% at λ = 632.8 nm is 
achieved for 870 nm high SiNPs (aspect ratio > 10). In the NIR range, shorter NPs 
(lower aspect ratio, for similar periodicity and diameters, are effect antireflection 
coatings when h ~ λ/2. 
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Figure 5.5. Angular reflectivity plot (0-90°) of SiNPs with different heights. At (a) λ 
= 1310 nm, (b) λ = 1550, (c) λ = 513 nm and (d) λ = 632.6 nm. The legends and colours 
demonstrate SiNP’s height. (e) Simulated reflectance spectra of unpolarised light from 
nanopillars with different pillar heights compared to planar Si and SiN coated (75-nm 
layer) silicon. 
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5.4.4 Simulation. 
We have simulated the normal reflectance of unpolarised light from the SiNP layers 
across the solar emission spectrum (400 to 1200 nm) using GD-Calc, which computes 
diffraction efficiencies of optical grating structures, including bi-periodic gratings. For 
more information see the section 5.3.7 and Figure S5.7.7. These results are compared 
with the Fresnel reflectance from uncoated silicon and SiN-coated silicon in Figure 
5.5e. Applying simulated reflectance results to the AM1 (overhead midday) solar 
spectrum and standard model for photon absorption in monocrystalline silicon (fill 
factor = 0.55, i.e. the fraction of the grating period which contains the grating material; 
in this case the ratio of the nanopillar diameter compared to its period), the predicted 
conversion efficiency of a PV panel would increase from 17.33% for untreated silicon, 
to 22.09% for 870 nm SiNPs. Reflectance values for an AR coating (75 nm SiN film) 
are also calculated and imply an efficiency of 21.08%. Hence, the SiNPs presented in 
this paper would improve the electrical output of a silicon PV system by 1.01% 
(absolute) or 4.79% (relative) compared to an AR-coated device. As noted previously, 
however, measured reflectance values are considerably lower than simulated results. 
The most likely cause of this anomaly is the presence of a thin silicon oxide layer 
coating over the silicon nanopillars. Formed during the plasma etch process, this layer 
reduces reflections at the high-RI silicon interface. Assuming a uniform thickness 
along the length of the nanopillar, the SiO2 layer will have a greater influence on the 
localised refractive index at the top of the pillar than at the bottom. The net effect is 
an additional gradation in the refractive index experienced by light diffracting through 
the structure and thereby a reduced reflectivity. Applying measured reflectance values 
to the PV model suggests a PV efficiency of 24.6% - representing a 3.52% (absolute) 
or 16.7% (relative) increase in electrical energy compared to the AR-coated device. 
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5.5 Conclusions 
In conclusion, the BCP patterning capabilities described here make exceptional 
coatings for improved transparency, light focusing, antireflection and for tuning 
photon absorption for a variety of applications on a wide range of surfaces, materials 
and non-planar substrates. BCP patterning that avoid previous ‘inherent’ size 
limitations, that facilitate a high density ordered array of nanopillars with tuneable 
height, are easily scalable and can be formed at low temperature. Compared to 
nanocones and other ‘black’ silicon layers, broadband antireflection coatings may now 
be possible for flexible PVs, solar cell technologies, and for broadband elimination of 
reflection of high quality glass optics. 
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5.7 Appendix – Chapter 5 
The diameter of the features being subwavelength strongly affect reflectivity (close to 
quarter wavelength, but not prescriptively so). The smaller features do not supress the 
reflectivity as much as the larger features do. See Figure S5.7.1. 
 
Figure S5.7.1. Comparing the reflectivity of (a) small nanopillars (diameter of 20-40 
nm) with (b) large nanopillars (d>100 nm). Colours are indicative of nanopillars 
height. The large dimensions nanopillars clearly supress light reflection much more 
effectively. The colours are indicative of nanopillar height. 
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Figure S5.7.2. Film thickness and solvent annealing time variation. AFM topographic 
images of BCP films after solvent annealing. (a) Phase separation after an hour solvent 
annealing of films with a different thicknesses (b) annealing time from 2 h to 24 h for 
1 wt. % BCP solution. 
 
Figure S5.7.3. Visualization of the 3D modelled structure based on STEM-LAM cross 
section and AFM images. 3D modelled structure is constructed using the profile from 
STEM images and AFM images. The domains are colourised to show the layers of 
material. Link for the 3D video of the modelled structure: 
https://www.youtube.com/watch?v=sztZ9XYzU1U 
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Figure S5.7.4. Patterned BK7 convex lens. SEM image of PS-b-P2VP after phase 
separation on BK7 convex lens. 2.0 wt. % of PS-b-P2VP polymer solution was spin 
coated on convex lens and exposed to mixed solvent of THF:CHCl3 with volume ratio 
of 2:1, for an hour at room temperature. Phase separated BCP thin film were stained 
in iodine for 6 hours to enhance the contrast difference between PS and P2VP block 
and image them in SEM. The inset is the optical micrograph of the lens. 
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Figure S5.7.5. Schematic representation of fabrication of nanopatterned Si.  
 
Figure S5.7.6. Size distribution for cylinder diameter (CD) (left) and period (L0) 
(right) of the BCP films made on Si. Data was collected from 17 images of 10 
individual samples. An example of the output detected features and Delaunay 
triangulation are also shown. 
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Figure S5.7.7. The simulated SiNPs 
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6.1 Conclusions and Future Work 
Block copolymers have a wide range of potential applications in nanoscale fabrication 
due to their tuneable feature size, well-ordered patterns and scalability. Of particular 
interest is their use in the production of the next-generation of electronic devices. In 
order to continue producing more efficient devices with higher densities, new 
lithographic tools must be developed and leading the integration of “bottom-up” 
processes is the directed self-assembly of block copolymers. The advantages of BCPs 
are clear; low-cost, high-density and the ability to achieve sub-10 nm features. 
However, there are still roadblocks to BCP integration in the manufacturing process, 
namely process conditions, and defect densities. In this thesis, we respond to these 
challenges with the introduction of a brushless lamellar PS-b-PEO and the 
development of software for pattern analysis. 
In chapter 2, the dynamics of solvent diffusion with BCP thin film during solvent 
annealing was explored, with it indicating the presence of solvent fronts propagating 
through the film. The cyclical flipping nature of cylindrical PS-b-PEO was also noted. 
Combined, this system may prove useful as a tuneable system, able to function on dot 
and line patterns in the fabrication of nanoelectronics without necessitating separate 
processes. It was also noted that within graphoepitaxial patterns, the self-assembly 
occurred at an accelerated rate, achieving a better order in reduced time. 
Chapter 3 introduced the first reported creation of perpendicular orientated lamellar 
PS-b-PEO, without the need for additional surface pre-treatments. Pattern transfer of 
this system, such as PEO-b-PI, was also demonstrated. Through consideration of the 
annealing conditions, it was possible to create preferential orientation. It is proposed 
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that this method could be used with other BCP systems, reducing the processing time 
required for pattern formation. 
The change from hexagonal PS-b-PEO in Chapter 2 to the symmetrical systems used 
in Chapter 3 allowed for the creation of more robust etch masks for nanowire 
fabrication. While microphase separation and ordering in the hexagonal BCP was 
more readily achieved, the internal structure of the film, that being PEO cylinders 
submerged in a PS matrix, would require a more complex etching process. An initial 
PS selective etch would be required to expose the PEO cylinders, followed by a PEO 
selective etch, before pattern transfer into the substrate. The lamellar system allows 
for a single PEO selective etch prior to pattern transfer. Additionally, the structure of 
the cylinders would not have been ideal for pattern transfer as it would have resulted 
in a “rounding” of the top of the nanowire as more of the cylinder was removed. The 
hexagonal system is ideal for use as a template for inorganic nanowire and nanodots 
applications, as well as for fabrication of vertical interconnects between strata of 
microchips. The use of two symmetrical PS-b-PEO systems demonstrated the 
scalability of the system, going from CD of 24 nm to 17 nm, showing promise as a 
system that can achieve the sub-10 nm features required for the next generation of 
microelectronics. 
Chapter 4 detailed the application developed for analysis of BCP patterns. It was 
shown that it was capable of deriving important details within BCP patterns that may 
have been overlooked through visual inspection. Whilst similar programs exist within 
high end pilot line processes [1], [2], it is hoped that a possible future release of this 
system will facilitate improved optimisation of novel BCP systems within research 
groups, yielding better patterns and clearing the way for integration into industrial 
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applications. It may become a critical tool as the specifications for roughness and 
position tolerances steadily decrease with feature size [3], as there is presently no 
centrally defined series of metrics, but rather multiple in-house methods with little-to-
no discussion available in the literature. This has been a major impedance in the 
advancement of BCPs. 
Chapter 5 demonstrated the types of functional surface the BCPs are capable of 
creating. Through the use of PS-b-P2VP as a template, silicon nanopillars were created 
over large areas of substrates, demonstrating BCPs properties of high coverage and 
density, allowing a highly anti-reflective surface to be created for optical applications. 
Further expansion of BCPs nanoscale fabrication ability outside of the nanoelectronics 
will allow the system to achieve its full potential as a low-cost tool for nanotechnology 
[4], [5]. 
Whilst this thesis has dealt with the creation of sub-20 nm features through more 
established BCP systems, many challenges must yet be overcome as new high-χ 
system are synthesised and introduced [6], [7]. Additionally, new metrology 
techniques will need to be developed to inspect systems once they have fully entered 
the sub-10 nm range, as current microscopy techniques will not have sufficient 
resolution to characterise systems at this scale [8], [9]. 
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